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Polarization control of the plasma soft x-ray laser by using the seed light and the 




  The polarized light sources are powerful tools for the analysis of the state of materials.  Especially, the 
interaction of the light and materials are quite strong in the wavelength of the soft x-rays, therefore the 
polarized soft x-ray is most suitable for the probe source for the inspection of the material surface and 
absorption spectroscopy.  However in the wavelength of the soft x-rays, the polarization control has been 
obtained only in some synchrotron facilities and it is a challenging subject because the refractive index 
for the material is almost 1.0 and the transmission optics are not available.  In this study, we proposed 
new methods of the polarization control of the plasma soft x-ray laser (SXRL) that can be generated by 
the laser system of the laboratory scale.  The constitution of this paper is as follows. 
  Chapter 1. The characteristics of the soft x-rays and the present state for the polarization control in the 
wavelength of soft x-rays are introduced.  The generation of the SXRL and its peripheral technology used 
in this study are explained. 
  Chapter 2. We consider the atomic process of the SXRL to discuss the methods of the polarization 
control.  The SXRL has three degenerated polarization components, i.e., left-handed circular (!?), linear 
(") and right-handed circular polarization (!).  The soft x-ray seed light injection technique using the 
high-order harmonic light and the Zeeman splitting using the effect of the enhancement of the external 
magnetic field under the grazing incident pumping scheme (GRIP) are considered to extract the liner and 
circular polarization components of the SXRL, respectively. 
  Chapter 3. The high-order harmonic light of Ti:sapphire laser which has a linear polarization was used 
for the seed light of the SXRL in the wavelength of 26.9 nm and 13.9 nm.  The polarization of the seeded 
SXRL was supposed to become linear because the characteristics of it were equivalent to the seed light. 
  Chapter 4. The external magnetic field of 15 T was applied to the SXRL medium to separate the right 
and left handed circular polarization components by the Zeeman effect.  The apparent separation of each 
polarization components was observed in the wavelength of 18.9 nm by the effect of enhancement of the 
magnetic field by the ponderomotive force of the pump laser. 
Chapter 5. Summary. We have succeeded to generate the polarization controlled SXRL using the seed 
light and the external magnetic field.  These methods are suitable for the GRIP SXRL generated by 
Ti:sapphire laser that is operated with high repetition rate.  Therefore the polarized SXRL is expected as 
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???????????????????????????????????????????
?? 1.3-10??????????????(???? 400 ps)???????(7 ps)???????
1:4?????? 2 ns?????????????????????????????????
??? 0.5 µJ?????????? 4 mrad????? 
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? ? 1.3-15(a)? ?????? ????????????????????????????????
?????????????????????? 0.02 deg(= 350 µrad)???????????17 
m???! ? ! = 9 x 10-5?????????(FWHM: full width half maxmum)?????????
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gl = 8.3 
17 m? 
Gain length product (gl) 
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Horizontal beam profiles 
Divergence [mrad] 
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t = 20 ps???????????(350 ~ 400 eV)? R = 35 ~ 75 µm, ne = 0.8 ~ 4.0 x 1020 cm-3 ???
(? 3.3-10(a)????????)???????????? grad(ne) ? 5 x 1022 cm-4??????R 
= 35 ~ 75 µm??????????????????(d = 40 µm)???? l? 5.0 mm????5 
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ne = 0.8 x 1020 cm-3 
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b) divergence of 57th HHG!
c) HHG spectrum!
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? 4.1-1????????????????????????????  
?
? ???????????????????????? ????????????????? ?????????????
??????????????????????? ???????? mj = -1, 0, 1??????
???????????? ????????????????? ??????????????!mj = 0?























































???????? mj = ?1??????????????????????????mj = ?1?
????????!" ??????????????????????:µB = 5.79 ! 10-5 [eV/T]????? 
mj = ?1?????????: 2!" = 2{J (J + 1)}1/2µB B (= 1.64 ! 10-4 B [eV]) 
???????????????????????? ????? ???? ???? ???? ????? ?????



















???? ncr sin2# = 6 x 1019/cm3 (ncr: critical density, 1021/cm3)?????????????????
????????????????? 5 mm??? 64 µm????????????? 
 





































????????????(???? 400 ps)???????(7 ps)??????? 1:4?????
? 2 ns????????????????????????? 1 mrad???????????
?????? 4 mrad???????? 0.5 µJ???? HIREFS???? 17 m?????????
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? 4.3-1??????????????????????  
?
? ????? ?????????????? ???µ? ?????????????????????
???????????????????????????????????????????
???????????????????????????????????? ?????????????
???????? ????? ????????? ????????????? ???? ???? ?????????
?????????? ???? ??????????????????? ?? ??????????
?????????????????????????????????? ???????? ????? ?
???????????????????????????????????????????





????????????? ?????????????????????? ????? ?????????
???????????????(???? 400 ps)???????(7 ps)???????? 1:4?
????? 2 ns??????????? 14?????????????? 4.4 x 1015 W/cm2??
???? ????????????? ??????????????????????????
































































































4 ne #me #c0
2$a2??
! 
a = vq /c0 =
qE
me" Laserc0
? vq: Quiver velocity 
????????????????????????????????????????????????????????????
????????????????????!?????????"????????????????









r + r0( )E(r,t)2???
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ap r,t( ) =
Fp r,t( )
mene
=1.20 "1023 r + r0( )exp
















































I0 = 4.4 ! 1019 [W/m2] 
#????"??#?= 1.8 ! 1015 [rad]?
ne = 6 ! 1025 m-3?
me = 9.10?! 10-31 [kg] 
qe = 1.6?! 10-19 [C]?
?????????????????????r = 20 µm and ne = 6 ! 1025 m-3?????? 1.2 ! 
1014 N/m3??????????????????????????????????????
????? ????µm????????????????? 1.2 ! 1010 N/m2??????????
?????????????????????????????????x ~ 100?µm, Te  ~ 400 




?????????????? ??????????????????? ???µ???????µ? ???? ??????
?????? ??????????????????? ?????????????????????????
???????????????? ??????????????????????????????
??? ?  µ? ?????????????????????????????????????
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??????????? ?????????????????????????? ?????????? ????????
???????????? ??????????? ?????????????????????
?
?? ???µ? ??????(??????:100H/V, ?? 9.4 kV)????????????????



















B = µ0nI2 a2 " a1( )
ln a2 + a2
2 + l2 /4
a1 + a12 + l2 /4
? ??????????????????????????????
? ???





???? ???? ?????? ????? ?????????????
?
?
? 4.4-2??? 5 mm???????????????????????Capton x 2???









































? 4.4-3?????????????????????  
?
????????? ?????????? ????µ? ??????????? ????????? ? ??????
????????????? ?????? ????? ???????????????????????








































































??????? ????µ? ?? ?? ?????? ???µ? ?????????????? ????????
???????? ?? ????? ?????? ?????? ?? ???µ????
?? ????? ????????? ????????????????????????
?? ?????????????? ??? ?????????????????????
?
? 4.4-4?????????????????????  
 
? ????? ?????????? ?????? ???????????? ??µ? ??????????
?????? ???????????????????? ??µ? ???????????????
??? ?? ???????????????? ??µ? ???????????????????
??????????????????????????????????????????????
?????????????? ???????????? ???????? ?????? ???????????
??? ??????????????? ?????? ??????????? ???? ????????















































? ??????? ???? ???????????????????????????????














? 4.4-5??????? DHS4E4F272KT2B?????????????  
?













? ??????????????????? ???????? ?????? ????? ?????????
?? ???? ?????????????????????????? ????? ??? ???? ????
????? ????? ? ???? ????????????????????????????? ?????
???????????????????????????????????????????
125 µm? x 2?????????????????????????????????????
???????????????????????????????????????????????????





























































?????????????? ?? ???????? ????????????????????
????µ????????????????? ???????????????????????????????
???????????????????????????? ?? ?????????????
?????????? ????? ??????????????????? ??????? ????? ????????? ??
?? ?????????? ????? ? ?????????????????????????????
? ????µ? ??????????????????????????????????????
?????????????????????????????????? ?????????
?????? ?????? ?????????????? ??????????????? ???????????
????????????????????????????????
?
? 4.4-8?????????????????  
?
??????????????????????????
























































????????? µm (??:100H/V, ?? 9.4 kV)?????????????? 50 µm?(200H/V, 




????????????? ???? ????µ? ? ?? ?????? ?? µ? ?????????????
??????????? ??????(a) ~ (c)????????? ???? ??????????? ?????
?????? ?? µ??????????????? ????? ????????????????? ?????
???????????????????????????????????????????
??????????? ????????????????????????????????????? ??
?????????? ?? ??????????? ????? ??? ?????????????????
??????????????? ????? ???? ??????? ??????????????????????









































?????????? ?????????????? ??????????????????????? ?????
???? ???????????????????????????????????????
??????????????????????? ???? ?????????????????





? 4.4-12?????????????????????????????? ??????? 100 µm?
?? ??????????????????? ???µm?????(???? 9.4 kV)??????
???????????? Cu?????????????????????????????
?????????????????????? 1?????????? 10 kV???????
??????2????? 3?????? 4.4-12(b)? 3??????????????????






































? 4.4-12?(a) ????????(b) ???????  
 
?????????????????????
?? ?????? ? ???? ????????????????????????????????????
??????????????? ??????????????????????? ????????? ?????










































? 4.4-14?LTSG????????????????  
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?????????????????????? ????? ???????? ????? ???????
???????????????????????????????????????????
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????????????????????? ???????????? ?????????????? ?
??????????????????????? ? ?? ?????????????????????
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? ???????????????? ?????? ?????
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? 4.4-16?????????????????  
 
??????????????? ???????? ???? ???????????????? ????
???? ???? ????????????????????????????????????
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? 4.4-2?n = 10??? 4 mm!??? 5 mm?????????????????????
???????????????? 324 nF?????? 20 kV????  
 
???????? ??????????????????????? ???? ?????????
???? ??????????????????? ???????????????????????
??????????????? ?????? ?????? ??????????? ????????????
??? ?????????? ??????????????????????????????????
???????????? ???? ???????? ???????????
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? 4.4-21????????????????????????  
 
?????????? ??? ???????????????????????????????
???????????? ????????????????? ???????? ?????????
? ????? ????
? ? ????????????????????????????????????????????????????????





? ?????? ?????????????????????? ???? ?????????????? ? ???
??????? ??? ???????????? ?????? ????????????????????? ?????
?????????????? ?????? ???? ????????????????????????
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? 4.4-23????????????????????????????????  
 
???????????????????????????????????????????
















































































????????????? !"?????? J??????:µB (= 5.79 ! 10-5 [eV/T])?????:B 









#?µL2 [s]?#? : ???????????µ?? ???L: ???????????????????
????????????????????????????????????????? 1020 
cm-3????? 100 eV????? 1 ns????? 4.3-1??????????????????
????????????????????????????????????? 
 
? 4.5-1?Nd:YAG?????? LiF????????????????  
 



















?????????? 200 mJ????? 15 mm????? f 100 mm????????????
?? 1012 W/cm2?????
 
? 4.5-2???????????? Nd:YAG?????? LiF?????  
?
? 4.5-2? LiF????????????????????????????????????
???? 3??????????????????????Slit?? 85 µm?????? Princeton
? CCD??? PIXIS-XO-2048B?pixel size 13.5 µm, 2048 x 2048???????????????
????????????????? 0.5 µm? Zr??????????? 17 nm??????
???????? 0.8 µm? Al????????H-like Li???Li-like F??????????
???????????? 
 











? ? ?? ?? ?? ?? ?? ??
???? ?????? ?????? ??????? ????????????
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LiF, YAG laser pump
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LiF, YAG laser pump
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,*,,$,#-.9(":?,*,,$,#-.9(":? ,*,,$,#-.9(":?;<#!"#$%0'(? =<#/#$%''(0$%')5? ><#!"#$%0)(?
? ??????????????????????????????
? ????
??????????????????Li? 1s2-1s2p (J = 1 ? 0)??????????????
????????????????????????????????? Li? 1s-2p?1s-3p?F
? 1s22p-1s23d ????????? HIREFS ?????????????? 4.5-3???????
??????????? NIST(National Institute Standard and Technology)? Atomic Spectra 
Database Lines Form [23]??????Li? 1s-2p???????????????????? F
????(1s22p-1s23s)?????????????????????????????????
????????????????????????????????????F? 1s22p-1s23d?




? 4.5-4?? 20 T?????????????????????????? F? 1s22p-1s23d (a)?
Li? 1s-3p (b)??????????????? F ????????????????????
?????????????????????????0.7  ± 0.1 pixel (= 0.0007 nm ± 0.0001 nm)? 
Li???????????????? 0.4  ± 0.1 pixel (= 0.0004 nm ± 0.0001 nm)???????? 
 






















































CCD pixel (0.001 nm /pixel)?






???????????? J??????:µB (= 5.79 ! 10-5 [eV/T])?????:B [T]????
{J(J+1)}0.5 µBB [eV]?????[1]????!mj = 0?"???????????????????
?????????????!mj = +1?#????????"????????????????
???!mj = -1?#'????????"????????????????#'??#??????
?????????????????????????????????????J = 5/2 ? 3/2
?d?????????#'?????? mj = -1/2 ? -3/2, +1/2 ? -1/2, +3/2 ? +1/2, +5/2 ? +3/2?
4???????????-1/2 ? -3/2, +3/2 ? +1/2?????????????????#'??
??????????? 3 ????????(d)??????????????????? 7 ?
??????? 4.5-5(a) ~ (d)??????????????????????????????
????????? 
?? 4.5-1????? 20 T???????????????????????????????
?????????????????? 0.00026 nm???????????????????
???????????????????????????????????????????
??????????? 0.00043 nm????????????? 0.00038 nm????????
????? 0.00037 nm???????? 4.5-4??????????????????????









































































































































































??????????????????????? ???????? ?????????? ?????? ??
????? ???? ?????????????????????? ?????????? ???????
???????? ???? ????????????? ???????????????????????
???? ?? ??????????????????????????? ???µm??? 5 mm?
??????????????????????????????????? HIREFS [6]??
?????????????????? 70 mm????????? 
?
?







































?????? 4 mm???? 5 mm?n = 10???? 3??????? 20 kV?????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????? ????????????????????? ???? ????
?? ?????? ???????????????? ??????????????????????? ? ???
?????????????????????
? ? ????? ?????????? ??????????????????????????????? ???
????????????????????????????????????????????????
?????? ? ????????????????????? ??????????????????????
??????? ? ????????????????????????????????? ??
???? ????????????? ???????????????????????????????


















?????? ????????????????? ???µ????????? ???µ? ?????????
??????????????????????????????? ???? ???????????








? 4.6-2???????????????????????(a) ??????????(b) 15 
T????????????(c) ???????????????????????? !’
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? 4.6-3??????????????????????????????????  
?
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